MLN4924 (pevonedistat), an inhibitor of the Nedd8 activating enzyme (NAE), has exhibited promising clinical activity in acute myelogenous leukemia (AML). Here we demonstrate that MLN4924 induces apoptosis in AML cell lines and clinical samples via a mechanism distinct from those observed in other malignancies. Inactivation of E3 cullin ring ligases (CRLs) through NAE inhibition causes accumulation of the CRL substrate c-Myc, which transactivates the PMAIP1 gene encoding Noxa, leading to increased Noxa protein, Bax and Bak activation, and subsequent apoptotic changes. Importantly, c-Myc knockdown diminishes Noxa induction; and Noxa siRNA diminishes MLN4924-induced killing. Because Noxa also neutralizes Mcl-1, an anti-apoptotic Bcl-2 paralog often upregulated in resistant AML, further experiments have examined the effect of combining MLN4924 with BH3 mimetics that target other anti-apoptotic proteins. In combination with ABT-199 or ABT-263 (navitoclax), MLN4924 exerts a synergistic cytotoxic effect. Collectively, these results provide new insight into MLN4924-induced engagement of the apoptotic machinery that could help guide further exploration of MLN4924 for AML.
MLN4924, a first-in-class inhibitor of Nedd8 activating enzyme (NAE) 1 currently undergoing extensive preclinical and early phase clinical testing (http://www.clinicaltrials.gov), 2 induces killing of acute myelogenous leukemia (AML) cells in vitro and exhibits single-agent activity in AML in early clinical testing. [3] [4] [5] The mechanistic basis for these findings, however, is incompletely understood.
Nedd8 is a small ubiquitin-like molecule that becomes covalently linked to a number of cellular proteins, including a subset of E3 ubiquitin ligases known as cullin ring ligases (CRLs). 6, 7 Once activated by this modification, CRLs normally facilitate ubiquitination of a defined group of protein substrates, targeting them for degradation by the proteasome. Because the proteins ubiquitinated by CRLs are involved in inhibiting cell cycle progression, proliferative signaling, and cell survival, enhanced turnover of these proteins in malignant cells confers a survival advantage. 8, 9 Conversely, treatment with MLN4924, which causes decreased degradation of CRL substrates, leads to cytotoxicity in transformed cells in vitro and in vivo while largely sparing normal cells and tissues. 1, 3, 9 The mechanistic basis for the cytotoxicity of NAE inhibition varies among malignancies and is dependent upon which of the CRL substrates accumulate and demonstrate activity. 1, [10] [11] [12] In colon and lung cancer cells, for example, accumulation of the CRL substrate chromatin licensing and DNA replication factor 1 (Cdt1), a DNA replication licensing factor, has the dominant role in MLN4924 cytotoxicity by causing DNA re-replication and subsequent apoptosis. 1, 11 Other mechanisms of MLN4924-induced killing involving nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and Redd1 have been described in a subset of diffuse large B-cell lymphoma and multiple myeloma cells, respectively. 10, 12 The dominant stabilized CRL substrate and downstream steps governing the mechanism of MLN4924 cytotoxicity in AML are not as well defined, although induction of apoptosis has been observed. 3, 5 The 'intrinsic' or 'mitochondrial' apoptotic pathway is activated when Bax and Bak proteins oligomerize in the outer mitochondrial membrane and induce cytoplasmic translocation of cytochrome c, which promotes caspase 9 activation. 13, 14 Oligomerization of Bax and Bak is regulated by additional pro-and anti-apoptotic Bcl-2 family proteins. A variety of processes, including transcriptional regulation, post-translational modification, and degradation by the proteasome, modulate the expression of Bcl-2 family members. 13, 14 Accordingly, relative levels of pro-and anti-apoptotic proteins reflect many input signals from within each cell and from the surrounding environment. Once expressed, pro-apoptotic BH3-only proteins such as Bim, Puma, and Noxa either bind and neutralize anti-apoptotic proteins or bind and activate Bax and Bak. [13] [14] [15] [16] Conversely, anti-apoptotic proteins, including Bcl-2, Bcl-x L , and Mcl-1, bind and sequester Bax, Bak, and the BH3-only proteins. 13, 14, 17 Release of cytochrome c and induction of subsequent apoptotic events occur when the effects of pro-apoptotic Bcl-2 family members overcome the effects of the anti-apoptotic family members.
In studies presented here, we show that MLN4924 induces apoptosis independent of DNA re-replication via a mechanism unique to AML. Downstream of NAE inhibition, accumulation of the CRL substrate c-Myc, a transcription factor previously shown to induce apoptosis under certain conditions, [18] [19] [20] has a dominant role, functioning to transcriptionally activate the PMAIP1 locus that encodes the pro-apoptotic Noxa protein in AML cell lines and clinical AML samples. Noxa subsequently binds to and neutralizes Mcl-1, leading to activation of Bax and Bak.
Building on these results, we also demonstrate that MLN4924-induced Noxa upregulation is accompanied by increased sensitivity to BH3 mimetics that target antiapoptotic proteins other than Mcl-1. Two of these agents, the specific Bcl-2 inhibitor ABT-199 21 and the Bcl-2/Bcl-x L /Bcl-w inhibitor ABT-263 (navitoclax), 22 have shown activity in preclinical studies in AML. 21, 23 Previous studies, however, have reported that Mcl-1, which is frequently upregulated at the time of AML relapse, 24 confers resistance to BH3 mimetics. [25] [26] [27] [28] Thus, the ability of NAE inhibition to upregulate Noxa not only provides new insight into the cytotoxic action of MLN4924 in AML, but also gives impetus for further study of MLN4924/BH3 mimetic combinations.
Results

MLN4924
induces apoptosis in AML cell lines. In view of recent studies showing that MLN4924 induces apoptosis in a subset of lymphomas and in myeloma through mechanisms distinct from the Cdt1 upregulation and re-replication seen in solid tumor cells, 10, 12 we examined the mechanism of MLN4924-induced cytotoxicity in AML cells. In initial experiments, HL-60, U937, and ML-1 cells were treated with 30-1000 nM MLN4924 for 4-48 h, concentrations and times routinely used for MLN4924 in in vitro assays. 1, 5, 10 At the completion of drug treatment, cells were stained with propidium iodide (PI) and examined by flow cytometry to assess re-replication (44N DNA content) and apoptosis (sub-diploid, o2N DNA content). Interestingly, no DNA rereplication was observed in any of the AML cell lines between 4 and 48 h, whereas events with sub-diploid DNA content, one of the hallmarks of apoptosis, 29 appeared in a dose-and time-dependent manner ( Figure 1a , Supplementary Figure  S1a and b and data not shown). By 48 h, cell lines exhibited 30-80% apoptosis at the maximum dose of 1000 nM (Figure 1b) . Consistent with these data, apoptosis was also evident from western blots that revealed cleavage of wellestablished caspase substrates 30 such as poly(ADP-ribose) polymerase 1 (PARP1) and procaspase-3 (Figure 1c ), as well as flow cytometry showing increased annexin V staining (see below), another hallmark of apoptosis. 31 Although previously noted, 5 formation of reactive oxygen species (ROS) was not observed in any of the three AML lines treated with MLN4924 (Supplementary Figure S1c) , whereas increased ROS were readily detected upon exposure to the positive control adaphostin, an agent that inhibits mitochondrial electron transport to induce ROS. 32 Evidence of endoplasmic reticulum (ER) stress also was not present, as levels of ATF4, GRP78, and phospho-EIF2α remained unchanged in response to MLN4924 treatment (Supplementary Figure  S1d) . Moreover, normal peripheral blood mononuclear cells (PBMCs, Supplementary Figure S1e ) and myeloid progenitors (not shown) treated with MLN4924 did not undergo appreciable apoptosis.
MLN4924-induced Noxa upregulation triggers apoptosis.
In the absence of DNA re-replication, we hypothesized that apoptosis might result from alterations in Bcl-2 family proteins. Consistent with this possibility, immunoblotting for pro-and anti-apoptotic Bcl-2 family members in cells treated with 30-1000 nM MLN4924 revealed a dosedependent increase in the pro-apoptotic protein Noxa in all three AML cell lines examined (Figure 2a) . Importantly, this Noxa increase occurred in cells that were p53 null (HL-60), p53 mutant (U937) or p53 wild type (ML-1), indicating its p53 independence. Levels of other Bcl-2 family proteins did not appear to change in response to MLN4924 (Figure 2a ). Cdt1, implicated in DNA re-replication to trigger apoptosis, did accumulate in response to MLN4924 treatment, although not to the same degree previously documented in solid tumors 1, 11, 33 even though the drug was clearly active, as verified by the classic disappearance of the Nedd8-modified, active form of Cullin1 (Figure 2a, top panel) . Addition of N-acetylcysteine (NAC) during MLN4924 exposure did not alter Noxa accumulation (Supplementary Figure S2a) , ruling out a contribution of ROS to the cytotoxic mechanism.
To assess whether Noxa upregulation would occur in vivo at therapeutically achievable concentrations, HL-60 xenografts were treated with three doses of MLN4924 (90 mg/kg, the maximum tolerated dose in mice) at 12-h intervals before being collected for immunoblotting. Consistent with results in vitro, inactivation of the NAE in drug-treated xenografts was evident by the absence of the Nedd8-modified Cullin1 (Figure 2b ). In these studies, Noxa increased in drug-treated xenografts compared with controls, whereas Cdt1 did not (Figure 2b) .
To further assess the role of Noxa in MLN4924-induced apoptosis, we utilized siRNA to downregulate Noxa. Noxa knockdown using three separate siRNAs markedly diminished MLN4924-induced apoptosis in all three AML cell lines (Figure 2c, Supplementary Figures S3a, S3b , S4a, and S4b), indicating an important role for Noxa in MLN4924 cytotoxicity.
One of the ways BH3-only proteins induce apoptosis is by binding and neutralizing anti-apoptotic Bcl-2 family members.
14 In contrast to Bim or Puma, which neutralize all anti-apoptotic Bcl-2 paralogs, Noxa preferentially binds Mcl-1. 34, 35 Consistent with this paradigm, Mcl-1 immunoprecipitated from MLN4924-treated cells contained increased levels of bound Noxa and decreased levels of sequestered Bak, indicating release of the latter protein from Mcl-1 ( Figure 2d ). These changes were accompanied by increased levels of active Bax and Bak, as detected by staining with antibodies specific for the active conformations of these proteins ( Figure 2e ).
Collectively, the results shown in Figures 1 and 2 demonstrate that MLN4924 induces apoptosis in AML independent of DNA re-replication and specifically as a result of increased levels of the pro-apoptotic Bcl-2 family member Noxa.
Contribution of transcriptional activation to Noxa accumulation. We next sought to determine the link between CRL inhibition and Noxa protein upregulation. When protein synthesis was inhibited with cycloheximide, there was no detectable increase in Noxa half-life in MLN4924-versus diluent-treated cells, suggesting that stabilization has little if any role in MLN4924-induced Noxa upregulation (data not shown). We next utilized quantitative reverse transcriptionpolymerase chain reaction (qRTPCR) to assess Noxa transcript levels in cells treated with MLN4924 for 6-48 h. Noxa mRNA was increased at early time points and remained elevated or continued to increase further at 48 h (Figure 3a ), To determine whether the increased transcript levels result from transcriptional activation of the PMAIP1 gene, which encodes Noxa, we assayed Noxa promoter activity using a luciferase reporter plasmid. A 1430 bp sequence spanning the region −1200 bp to +230 bp relative to the Noxa transcription start site was selected based on previous reports describing functionally important sites for binding of transcription factors (including c-Myc, hypoxia inducible factor-1α (HIF-1α), and others) within this region. 36 MLN4924 increased luciferase activity in cells transfected with this plasmid (Figure 3c ), supporting the hypothesis that MLN4924 causes Noxa upregulation through transactivation of the Noxa promoter.
A number of transcription factors that are known to mediate Noxa gene expression, including p53, NF-κB, and c-Myc, are CRL substrates. 9, 36, 37 As indicated above, p53 is not critical for MLN4924-induced Noxa upregulation, as this upregulation was seen in p53 null (HL-60) as well as p53 wild-type cells (ML-1; Figures 3a and c) . NF-κB does not appear to have a critical role because, consistent with previous reports, 10, 38 NF-κB levels decreased upon MLN4924 treatment and levels of the NF-κB inhibitor (I-κB) increased (Supplementary Figure S2c) . Levels of ATF4, another transcription factor implicated in Noxa upregulation, 39 also did not increase (Supplementary Figure S1c) , consistent with the observation that MLN4924-induced Noxa upregulation and apoptosis in these AML lines occurs without evidence of elevated ROS or ER stress (Supplementary Figures S1c, d and S2a, b).
Further experiments (Figure 3d ) demonstrated that MLN4924-induced accumulation of c-Myc, a transcription factor that has been implicated in oncogenic stress-induced apoptosis under unfavorable growth conditions [18] [19] [20] and also found to be responsible for increasing Noxa gene expression in response to the proteasome inhibitor bortezomib in some cell types. 36 To assess whether c-Myc is involved in MLN4924- Figure S2d) , observations in Figure 3 indicate that c-Myc upregulation has a major role in MLN4924 induction of Noxa in AML lines.
MLN4924 causes c-Myc accumulation, Noxa upregulation, and apoptosis in primary AML cells ex vivo. To assess whether MLN4924 exerts the same effects in primary AML cells, blasts from bone marrow aspirates of newly diagnosed AML were exposed to diluent or MLN4924 ex vivo for 24 h and then collected for PI staining, qRTPCR, and immunoblotting ( Figure 4 and Supplementary Table S1 ). Induction of Noxa transcript and protein was observed with increasing concentrations of MLN4924 (Figures 4a and c) . Likewise, accumulation of c-Myc protein was observed, in contrast to relatively limited Cdt1 accumulation. Emergence of a sub-diploid apoptotic population was also noted (Figure 4b ). These events were consistently observed, albeit to varying degrees, in all six clinical AML samples analyzed.
Synergistic cytotoxic effect of MLN4924 in combination with ABT-199 and ABT-263. Several agents designed to inhibit anti-apoptotic Bcl-2 proteins are currently undergoing clinical testing in hematological malignancies. 40 Most notable are ABT-199, a Bcl-2 specific inhibitor, 41 and ABT-263, which inhibits Bcl-2, Bcl-x L , and Bcl-w but not Mcl-1. 22 A similar Mcl-1 inhibitor suitable for clinical trials has yet to emerge, but the ability to inhibit Mcl-1 might be important in situations where Mcl-1 contributes to drug resistance or relapse. [24] [25] [26] Our observation that MLN4924 induces Noxa, which binds Mcl-1 in AML, raises the possibility that MLN4924 may serve as an alternative therapeutic approach for targeting Mcl-1.
On the basis of these considerations, we tested MLN4924 in combination with ABT-199 and ABT-263 in AML cell lines, primary AML cell isolates, and normal PBMCs. AML cell lines were treated with 300 nM MLN4924 alone or in combination with increasing concentrations of ABT-199 or ABT-263 for 24 h, collected and assayed for apoptosis by PI or Annexin V staining. Compared with single-agent treatments, increased apoptosis occurred in all samples that received combination treatment (Figures 5a-f, left panels) . Analysis by the median effect method under the assumption that effects of the two agents are mutually exclusive, which is equivalent to isobologram analysis, 42 indicated the effects of the ABT-199
and ABT-263 in combination with MLN4924 were synergistic (combination index (CI)o1, Figures 5a-f, right panels). MLN4924 and the BH3 mimetics also induced apoptosis in a synergistic fashion in primary clinical AML samples (Figures 5g-i) , including a case of AML that persisted Figure 4 MLN4924 causes c-Myc accumulation, Noxa upregulation, and apoptosis in primary AML samples exposed ex vivo. Freshly isolated bone marrow leukemia cells treated with increasing concentrations of MLN4924 versus DMSO for 24 h were collected for qRTPCR for quantification of relative Noxa mRNA (a), PI staining and flow cytometry for quantification of sub-diploid apoptotic events (b), and western blotting to assure drug activity (un-Neddylated Cullin1) and assess levels of c-Myc and Bcl-2 family members (c). Information regarding the clinical samples is summarized in Supplementary Table S1 MLN4924 induction of Noxa and synergy in AML KLB Knorr et al on day 14 of therapy ( Figures 5h-i, closed circles) . In contrast, when these combinations were applied to normal PBMCs, induction of apoptosis was not increased above the level induced by either ABT-199 or ABT-263 alone (Supplementary Figure S5a and b) .
Discussion
Despite four decades of improvement in therapy for AML, the prognosis remains poor for certain subsets of patients, including those with antecedent hematological disorders, chemotherapy-related leukemia, and the elderly, who generally have a 5-year survival rate of o20%. These observations highlight the need for new therapeutic agents. Preliminary reports from a Phase I clinical trial of MLN4924 in AML have indicated benefit in patients with difficult to treat relapsed and refractory disease. 4 As clinical development of MLN4924 in myeloid malignancies continues (www.clinicaltrials.gov), these promising results provide the impetus for determining the mechanism of MLN4924-induced cytotoxicity downstream of NAE inhibition, understanding possible mechanisms of MLN4924 resistance in AML, and assessing possible strategies for combining MLN4924 with other agents that have activity in hematological malignancies.
Previous studies have shown that MLN4924 selectively inhibits NAE to diminish CRL function, thereby affecting turnover of a very select group of proteins that impact pathways critical for cell survival. 1, 9, 43 Additional studies have shown that MLN4924 has relatively limited impact on normal cells 1, 3 and exerts a cytotoxic effect in a variety of malignant cells through cell type-specific mechanisms. 1, 10, 12 For example, in solid tumor cells MLN4924-induced cytotoxicity is triggered by accumulation of CRL substrate and DNA replication licensing factor Cdt1, leading to DNA re-replication and apoptosis, 1, 11 whereas in multiple myeloma accumulation of Redd1 suppresses AKT and mTOR prosurvival and proliferative signaling to induce cell death. 12 Although preclinical studies have indicated that MLN4924 also is cytotoxic in AML, a definitive mechanism of action has not been previously established. 3, 5 The studies presented here demonstrate that MLN4924 induces apoptosis in AML independent of DNA re-replication ( Figure 1 and Supplementary Figure S1 The MLN4924-induced increase in Noxa protein paralleled an increase in Noxa mRNA, which occurred in both AML cell lines (Figure 3a) and clinical AML specimens (Figure 4a ). In turn, the increase in Noxa mRNA accompanied increased Noxa promoter activity (Figure 3c ). Although multiple transcription factors are known to transactivate the Noxa promoter, 36, 37 c-Myc was a prime candidate because it is a CRL substrate 9 and has been shown to upregulate Noxa in response to the proteasome inhibitor bortezomib. 36 Consistent with this hypothesis, 20 we not only observed MLN4924-induced accumulation of c-Myc in AML cell lines (Figure 3d ) and clinical samples (Figure 4c ), but also diminished accumulation of Noxa message and protein when c-Myc was knocked down (Figures 3e and f and Supplementary Figure S3c and d) . These results complement and extend prior work showing that c-Myc, which is generally considered a contributor to proliferation, can contribute to apoptosis, 44, 45 particularly under unfavorable growth conditions such as those resulting from environmental alterations or pharmacological manipulation. [18] [19] [20] 36 Collectively, these studies are consistent with the pathway shown in Figure 6 , which is different from the cytotoxic mechanism reported in solid tumor cells, 1,33 chronic lymphocytic leukemia, 38 lymphoma, 10 or myeloma, 12 and support the notion that the mechanism of MLN4924-induced cell death downstream of NAE inhibition will vary from cell type to cell type. 1 Importantly, the increases in c-Myc protein, Noxa mRNA and Noxa protein observed in AML cell lines were also observed in AML samples exposed to MLN4924 ex vivo, pointing to a pharmacodynamic marker of NAE inhibition (Noxa upregulation) and possible mechanisms of MLN4924 resistance (diminished c-Myc or Noxa upregulation) that could be investigated in future trials of MLN4924 in AML.
Previous studies have demonstrated that Mcl-1 has a critical role in a variety of hematological malignancies and solid tumors. In particular, Mcl-1 has been shown to be essential for the development and sustained growth of AML in murine models. 46 Moreover, Mcl-1 upregulation has been noted at the time of leukemic relapse after chemotherapy in vivo.
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Mcl-1 overexpression has also been shown to contribute to development of multiple myeloma 47 ; and Mcl-1 has been implicated in drug resistance in chronic lymphocytic leukemia. 48, 49 In addition, the gene encoding Mcl-1 is amplified in a variety of solid tumors. 50 In the case of ovarian cancer, tumors with Mcl-1 amplification have been found to be particularly resistant to conventional platinum-based chemotherapy. 51 The BH3-only protein Noxa is a potent and relatively selective neutralizer of Mcl-1. 34, 52 Although the present study demonstrates that MLN4924 induces Noxa upregulation and Mcl-1 neutralization in AML, further studies are required to determine whether a similar mechanism will be observed in other hematological malignancies or solid tumors.
During these studies, it was reported that AML blasts are exquisitely sensitive to the Bcl-2 antagonists ABT-199 and ABT-737 ex vivo. 21, 23 Additional studies have shown that Mcl-1 overexpression, which frequently occurs in AML at relapse, 24 is a mechanism of resistance to ABT-737. [25] [26] [27] The ability of MLN4924 to upregulate Noxa and neutralize Mcl-1 (Figure 2d ) raised the possibility that MLN4924 might sensitize AML cells to agents such as ABT-199 and ABT-263 (an orally bioavailable analog of ABT-737), which was indeed observed ( Figure 5 ). As MLN4924 and BH3 mimetics move forward, further preclinical and possible clinical testing of these combinations might be warranted.
In summary, the NAE inhibitor MLN4924, which has shown promising activity in relapsed and refractory AML, has a unique mechanism of action in AML. Determining the best applications . C-2-10 anti-PARP1 was a kind gift from G Poirier (Laval University, Quebec, QC, Canada). Antibody to the nucleolar protein B23/nucleophosmin was generated as described. 53 PI staining and detection of apoptosis. Cells were exposed to increasing concentrations of MLN4924 diluted in DMSO (final concentration 0.1% v/v) for 4-48 h, then pelleted and stained with PI as previously described. 29, 31 After 30 min, samples were subjected to flow cytometry using a FACSCanto II (BD Bioscience) to assess PI fluorescence intensity. Analysis and quantification of the sub-G 0 /G 1 population was completed using FlowJo Software (TreeStar, Ashland, OR, USA). Annexin V staining was performed as previously described. 31 Western blotting and qRTPCR. Cells exposed to increasing concentrations of MLN4924 or 0.1% (v/v) DMSO for 24 h were pelleted for protein isolation. Sample preparation, SDS-PAGE, transfer to nitrocellulose membrane and subsequent protein detection by immunoblotting were performed as previously described. 54 Parallel samples were collected for RNA isolation and transcript quantification using TaqMan qRTPCR reagents as described. 55 These experiments were conducted in the presence of Q-VD-OPh, a broad spectrum caspase inhibitor, 56 to limit cleavage or release of proteins and transcripts of interest (owing to apoptosis and secondary to loss of membrane integrity) without affecting apoptotic events upstream of caspase activation. In western blotting studies conducted in the absence of Q-VD-OPh, B23 was used as a loading control because it generally is not cleaved by caspases. 57 RNA interference. The following siRNA constructs were purchased from Ambion (Austin, TX, USA): Noxa #1 (custom designed sequence, 5′-GGAGAU-UUGGAGACAAACU-3′), Noxa #2 (s10108, 5′-AGAUAUGAAUGUUUCUAAA-3′), Noxa #3 (s10710, 5′-GAAACUUAGUAGAACAAAU-3′), c-Myc #1 (s9130, 5′-GAG-CUAAAACGGAGCUUCUU-3′), c-Myc #2 (s9131, 5′-ACAGCCCACUGGUCCU-CAA-3′), and Negative Control No.1 (cat. no. 4390884). Oligonucleotides were resuspended according to the supplier's instructions. All constructs were introduced into cells suspended in RPMI+10% FBS using a BTX830 square wave electroporator (Harvard Apparatus, Holliston, MA, USA) delivering a single 10 ms pulse at 300 V. To mark successfully transfected cells, samples were co-transfected with siGLO fluorescent oligonucleotide (Life Technologies). Knockdown of siRNA targets was confirmed by immunoblotting.
Beginning 6 h after transfection, cells were treated with MLN4924 or 0.1% (v/v) DMSO and stained with Annexin V before flow cytometry or collected for protein and RNA.
Luciferase reporter assay. A portion of the PMAIP promoter (−1200 bp to +230 bp relative to the transcription start site, NCBI Gene ID 5366)-termed as the 'Noxa promoter' in this paper-was cloned into the pGL2 basic luciferase reporter plasmid using Mlu1 and Xho1 restriction sites. After the reporter plasmid suspended in intracellular buffer 58 was introduced via a single 10 ms electroporation pulse at 300 V (ML-1) or 327 V (HL-60), cells were allowed to recover for 8 h, treated with MLN4924 or 0.1% (v/v) DMSO for 24 h, and collected for luciferase assays according to the manufacturer's protocol (Promega). The luciferase signal in each sample was normalized to protein concentration (measured by the bicinchoninic acid method 59 ).
Mouse xenograft study. With approval from the Mayo Institutional Animal Care and Use Committee, female nu/nu mice received subcutaneous injections of 2 × 10 6 HL-60 cells in 200 μl Matrigel into the left flank. When xenografts reached 150 mm 3 , mice were randomized to no treatment versus 3 doses of MLN4924 90 mg/kg subcutaneously 5 in 10% Trappsol at 12-h intervals. 12 h after the final dose, xenografts were collected, snap-frozen, and processed for protein isolation as previously described.
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MLN4924 combination studies. AML cell lines, primary AML cell isolates, and normal PBMCs were exposed to MLN4924 alone or in combination with ABT-199 or ABT-263 for 24 h. Cells were then collected for PI or Annexin V staining and flow cytometry as described above. Using CalcuSyn software (Biosoft, Cambridge, UK), data were analyzed by the median effect method under the assumption that effects of the two agents are mutually exclusive, which is equivalent to isobologram analysis. 42 According to this method, a CIo1 indicates synergy, CI = 1 indicates additivity, and CI41 indicates antagonism. 42 
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